Climate change with extreme hydrological conditions, such as drought and flood, bring new challenges to seepage behavior and the stability of earthfill dams. Taking a drought-stricken earthfill dam of China as an example, the influence of drought-flood cycles on dam seepage behavior is analyzed. This paper includes a clay sample laboratory experiment and an unsteady finite element method seepage simulation of the mentioned dam. Results show that severe drought causes cracks on the surface of the clay soil sample. Long-term drought causes deeper cracks and induces a sharp increase of suction pressure, indicating that the cracks would become channels for rain infiltration into the dam during subsequent rainfall, increasing the potential for internal erosion and decreasing dam stability. Measures to prevent infiltration on the dam slope surface are investigated, for the prevention of deep crack formation during long lasting droughts. Unsteady seepage indicators including instantaneous phreatic lines, equipotential lines and pore pressure gradient in the dam, are calculated and analyzed under two assumed conditions with different reservoir water level fluctuations. Results show that when the water level changes rapidly, the phreatic line is curved and constantly changing. As water level rises, equipotential lines shift upstream, and the pore pressure gradient in the dam's main body is larger than that of steady seepage. Furthermore, the faster the water level rises, the larger the pore pressure gradient is. This may cause internal erosion. Furthermore, the case of a cracked upstream slope is modelled via an equivalent permeability coefficient, which shows that the pore pressure gradient in the zone beneath the cracks increases by 5.9% at the maximum water level; this could exacerbate internal erosion. In addition, results are in agreement with prior literature that rapid drawdown of the reservoir water level is detrimental to the stability of the upstream slope based on embankment slope stability as calculated by the Simplified Bishop Method. It is concluded that fluctuations of reservoir water level should be strictly controlled during drought-flood cycles; both the drawdown rate and the fill rate must be regulated to avoid the internal erosion of earthfill dams.
Introduction
Influenced by global climate change, regional extreme hydrologic events have occurred frequently in recent years. The frequency, intensity and uncertainty of drought and flood disasters have increased significantly. For instance, dry season rainfall and river discharges are decreasing, while wet season Geosciences 2019, 9, 17 2 of 15 flows are intensifying [1, 2] . Severe drought and waterlogging, and the rapid transition between these states, which can be seen as extreme hydrological conditions, have a significant impact on the safe operation of earthfill dams. Severe drought draws down reservoirs and causes cracking in the upstream clay slope or bed blanket; these cracks may destroy the seepage prevention layer and cause internal erosion of the dam. Rapid change from drought to flood brings a sharp rise in reservoir water level. Both such rapid rise of the phreatic line and reverse seepage in the case of sudden drawdown can lead to internal erosion of the dam and instability of the dam slope [3, 4] . Research on slope instability due to rapid drawdown is plentiful [3, [5] [6] [7] , but works on unsteady seepage and slope stability during rapid filling, and especially during wet-dry cycles with crack formation, are scarce [8, 9] . The research carried out here seeks to help fill in this knowledge gap.
Under extreme hydrological conditions, soil characteristics and unsteady seepage through dams are complex problems due to the influence of cracks and unsaturation. According to a study of cracks on a dam slope and unsaturated soil characteristics under severe drought conditions, it is found that the key factor that affected the crack width was not soil water content, but water content gradient [3, 10] . To study soil characteristics under dry-wet cycles, Zhang [11] combined many experimental data sets to determine how the moisture absorption-desorption curve varies with the number of dry-wet cycles. By introducing a function related to the number of dry-wet cycles, a method for predicting soil water characteristic curves after multiple dry-wet cycles was proposed. During a dry-wet cycle, reservoir water level changes rapidly. The mutual recharge of water inside and outside the dam causes the seepage rate within the dam to constantly change, resulting in unsaturated unsteady seepage [12] .
Because pore water pressure in a dam cannot dissipate quickly, rapid drawdown is known as one of the most dangerous conditions for the upstream slope [13] . F.O. Jones et al. [14] found that 30% of landslides in Roosevelt Lake in the United States from 1941 to 1953 occurred when the water level dropped suddenly by 10-20 m. In Japan, about 60% of landslides occur during rapid drawdown of reservoirs [15] . Thus far, seepage and stability characteristics of embankment dams have been analyzed during rapid drawdown. Based on unsaturated seepage theory, the pore-water pressures, the stability of the dam upstream slope and the relationship with reservoir drawdown rate or permeability coefficient have been analyzed. Timothy et al. [6] used the San Luis Dam upstream slide to evaluate the pore-water pressures at failure and progression of the phreatic surface through the fine-grained core for drawdown stability analyses, and Berilgen [7] and Zhong et al. [16] studied the seepage and stability of homogeneous and clay core dams under various drawdown rates; their results show that the safety factor of the slope decreases due to the sudden drop of the water level, while the stability of dam slope increases with dissipation of excess pore water pressure. The more intense precipitation is, the smaller the safety factor of the slope is. Taking into account the influence of permeability, the relation among reservoir drawdown rate, permeability, and dam slope stability was also studied [8, 17] . It was found that when the water level drops, decrease of the permeability coefficient also results in a significant reduction of the safety factor of the slope. However, rapid reservoir filling is also an important cause of internal erosion. Li [9] discusses fluctuations of the phreatic surface for an earth-rock dam with a clay core during reservoir filling.
In this paper, a specific earthfill dam struck by severe drought is taken as an example. First, the basic characteristics of the clay material used to build the dam, are studied experimentally during dry-wet cycles, and the suction pressure of the clay is measured with heat-conduction sensors. Cracking and its relationship to suction pressure are measured during wet-dry cycles, to provide a proxy to the behavior of cracks in clay during long-term droughts. Results of the analysis indicate that cracks would become channels for rain infiltration into the dam (lowering the strength of clay layer on the upstream slope face); therefore, measures to seal an exposed dam slope and retain moisture should be enacted to prevent cracking during droughts.
In addition to the laboratory experiment, the nonlinear relationship between the soil permeability coefficient and the suction pressure is investigated via an unsteady finite element seepage analysis, and unsteady seepage through the dam under two assumed conditions with different reservoir water Geosciences 2019, 9, 17 3 of 15 level behaviors are analyzed. It is found that rapid drawdown of the reservoir water level decreases the stability of the upstream slope. It is also found that rapid filling of the reservoir increases the pore pressure gradient in the dam's upstream blanket, which may cause internal erosion. Additionally, we model the situation where the dam upstream slope is cracked, with crack location and extent corresponding to field measurements. This analysis shows that cracks increase the pore pressure gradient in the zone beneath the cracks, potentially exacerbating internal erosion. As a result, during the filling of the reservoir, internal erosion is a threat, while stability of the upstream dam slope is a danger during drawdown. Therefore, the rate of change of reservoir water level should be strictly controlled during drought-flood cycles, while measures should also be taken to prevent and repair cracks.
Field Measurements of Dam during Drought
Baiguishan reservoir is located in the middle of the Huaihe basin in China (Figure 1 ). It is a large annual regulation reservoir used primarily for flood control, taking into account the comprehensive utilization of irrigation, industrial and urban water. The total reservoir capacity is 922 million m 3 , the normal storage level is 103.00 m (Chinese national datum) and the dead water level is 97.50 m. The flood protection standard is designed for the 100 years event, with a corresponding flood water level of 106.19 m. The warning flood level is 109.56 m, with a return period of 2000 years.
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Baiguishan reservoir is located in the middle of the Huaihe basin in China (Figure 1 ). It is a large annual regulation reservoir used primarily for flood control, taking into account the comprehensive utilization of irrigation, industrial and urban water. The total reservoir capacity is 922 million m 3 , the normal storage level is 103.00 m (Chinese national datum) and the dead water level is 97.50 m. The flood protection standard is designed for the 100 years event, with a corresponding flood water level of 106.19 m. The warning flood level is 109.56 m, with a return period of 2000 years. In 2014, the reservoir suffered its worst drought since 1953 (beginning of hydrological observation) [18] and continued to operate at extremely low water level ( Figure 3) . Especially during the months of July to September, the reservoir water level continued to run below the dead water level (97.50 m), and the lowest operating water level was 96.80 m.
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Though several piezometer tubes were installed in the dam, only one piezometer tube (shown in Figure 2 ) which protrudes through the rock toe drain in the dam foundation had been maintained well enough to provide a relatively continuous observation sequence of pore water pressure. The time series of measured piezometer and reservoir water levels is shown in Figure 3 During the drought, the upstream dam slope was exposed to air and a large number of cracks appeared. According to the field investigation, cracks developed between elevations of 97.28 and 100.00 m on the upstream slope. The exposed area increased as the water level continued to decline, and the number and width of cracks on the dam slope increased with time. The maximum width of the cracks was up to 30 mm (as shown in Figure 4 ), the maximum length was 3.0 m, and maximum depth was 1.0 m. The foundation of the dam is a highly permeable fine sand layer and sandy gravel layer (as shown in Figure 2 ). The upstream dam slope fill and clay blanket are important impervious bodies. The long-term low water level lead to the development of exposed cracks on the dam slope, which may cause failure of the seepage prevention function of the clay cover. This may lead to seepage through the dam foundation and internal erosion in the weak zone of the dam upstream toe. Though several piezometer tubes were installed in the dam, only one piezometer tube (shown in Figure 2 ) which protrudes through the rock toe drain in the dam foundation had been maintained well enough to provide a relatively continuous observation sequence of pore water pressure. The time series of measured piezometer and reservoir water levels is shown in Figure 3 During the drought, the upstream dam slope was exposed to air and a large number of cracks appeared. According to the field investigation, cracks developed between elevations of 97.28 and 100.00 m on the upstream slope. The exposed area increased as the water level continued to decline, and the number and width of cracks on the dam slope increased with time. The maximum width of the cracks was up to 30 mm (as shown in Figure 4 ), the maximum length was 3.0 m, and maximum depth was 1.0 m. In 2014, the reservoir suffered its worst drought since 1953 (beginning of hydrological observation) [18] and continued to operate at extremely low water level (Figure 3) . Especially during the months of July to September, the reservoir water level continued to run below the dead water level (97.50 m), and the lowest operating water level was 96.80 m.
Though several piezometer tubes were installed in the dam, only one piezometer tube (shown in Figure 2 ) which protrudes through the rock toe drain in the dam foundation had been maintained well enough to provide a relatively continuous observation sequence of pore water pressure. The time series of measured piezometer and reservoir water levels is shown in Figure 3 During the drought, the upstream dam slope was exposed to air and a large number of cracks appeared. According to the field investigation, cracks developed between elevations of 97.28 and 100.00 m on the upstream slope. The exposed area increased as the water level continued to decline, and the number and width of cracks on the dam slope increased with time. The maximum width of the cracks was up to 30 mm (as shown in Figure 4 ), the maximum length was 3.0 m, and maximum depth was 1.0 m. The foundation of the dam is a highly permeable fine sand layer and sandy gravel layer (as shown in Figure 2 ). The upstream dam slope fill and clay blanket are important impervious bodies. The long-term low water level lead to the development of exposed cracks on the dam slope, which may cause failure of the seepage prevention function of the clay cover. This may lead to seepage through the dam foundation and internal erosion in the weak zone of the dam upstream toe. The foundation of the dam is a highly permeable fine sand layer and sandy gravel layer (as shown in Figure 2 ). The upstream dam slope fill and clay blanket are important impervious bodies. The longterm low water level lead to the development of exposed cracks on the dam slope, which may cause failure of the seepage prevention function of the clay cover. This may lead to seepage through the dam foundation and internal erosion in the weak zone of the dam upstream toe. Moreover, this drought Since crack development is closely related to the rate of change of water content, the key to preventing development of cracks is to protect the dam slope from drying and wetting cycles [18] . To prevent cracks from forming on the dam, countermeasures include closure of joints and keeping soil moist. Large cracks are filled with clay backfill and covered with stone flour of 200 mm thickness (Figure 5a ). Plastic films (Figure 5b ) are used to prevent evaporation from the surface of the soil and to reduce the speed of development of the cracks, further minimizing potential drought-induced leakage through the dam. Since crack development is closely related to the rate of change of water content, the key to preventing development of cracks is to protect the dam slope from drying and wetting cycles [18] . To prevent cracks from forming on the dam, countermeasures include closure of joints and keeping soil moist. Large cracks are filled with clay backfill and covered with stone flour of 200 mm thickness (Figure 5a ). Plastic films (Figure 5b ) are used to prevent evaporation from the surface of the soil and to reduce the speed of development of the cracks, further minimizing potential drought-induced leakage through the dam.
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Experimental Test of Clay Sample during Dry-Wet Cycles
The purpose of the laboratory experimental sample test is to track the development of cracks in the clay during drought-flood cycles, including the location and degree of development of the cracks. Another objective is to measure the variation of the suction pressure (negative pore water pressure) at different depths in the clay sample during dry-wet cycles. This can provide the soil characteristics for further finite element simulation of rapid water level fluctuations and is helpful for the prevention and treatment of cracks at low water levels.
Test Condition
The experimental "environment box" is shown in Figure 6 . Long arc lamps and speed regulating fans are installed on the top of the environment box to simulate sunshine and dry air, and a number of atomized nozzles are uniformly distributed to simulate rainfall. The test clay sample (as shown in Figure 7 ) is 100 cm in length, 40 cm in width, and 20 cm in height. The upstream and downstream slopes have gradients of 1:3 and 1:2 respectively. The sample was constituted in five layers, each 5 cm thick; each layer was compacted manually with a hammer. The clay was excavated from the original dam slope. The final density of the sample is 1.64 g/cm 3 and the initial water content is 23% (unsaturated).
FTC-100 Fredlund thermal conductivity sensors (GCTS Testing Systems: South Maple Avenue, Tempe, AZ, USA) are used to measure suction pressure. The sensors measure the temperature of the soil directly and then calculate the suction pressure based on the thermal conductivity of the sensor materials (ceramic block). The range of this sensor is 1 to 1500 kPa and the precision is better than 5%. Four sensors are embedded in the sample (Figure 7b ): in the sample toe, midway up the upstream slope, at the sample crest, and at the bottom of the sample. In addition, water content is measured at these same locations by a MPM-160B soil moisture measurement instrument (ICT International, 211 Mann St, Armidale, Austria), with a precision of ±2%. Data are automatically collected during the test and supplemented with manual monitoring. 
Experimental Test of Clay Sample during Dry-Wet Cycles
Test Condition
FTC-100 Fredlund thermal conductivity sensors (GCTS Testing Systems: South Maple Avenue, Tempe, AZ, USA) are used to measure suction pressure. The sensors measure the temperature of the soil directly and then calculate the suction pressure based on the thermal conductivity of the sensor materials (ceramic block). The range of this sensor is 1 to 1500 kPa and the precision is better than 5%. Four sensors are embedded in the sample (Figure 7b ): in the sample toe, midway up the upstream slope, at the sample crest, and at the bottom of the sample. In addition, water content is measured at these same locations by a MPM-160B soil moisture measurement instrument (ICT International, During the test, three cycles of drying and wetting are simulated (as shown in Figure 8 ). At the beginning, the homogeneous clay sample has no visible surface cracks. After the sample is put into the environment box, artificial rainfall is applied on the first day, and lasts for one hour with a rainfall intensity of 80 mm/h. Afterwards, the sample is dehydrated by light and wind for 19 consecutive days, with the internal temperature kept at about 30 °C. The second (on the 19th day) and third (on the 46th day) rainfall events are similar to the first one. The total test lasts 62 days. Figure 8 shows suction pressure as a function of time. During the initial several days of the drying process, no surface cracks appear, and the suction pressure increases little. On the seventh day of drying, cracks in the middle of the upstream slope begin to appear (as shown in Figure 9a ), which causes the suction pressure at this location (②) to increase to the maximum value of the sensor range (1500 kPa) in a short time. Because water seeped from the top of the sample to the bottom, the water content at the sample toe decreased slowly. Therefore, the growth of suction pressure at the sample toe (①) lagged behind that at the middle of the upstream slope. Toe suction pressure didn't begin to increase rapidly until the ninth day of drying (data from the sample toe on days 16 to 19 are not shown due to instrument problems). The suction pressure at the sample crest (③) began to increase from the seventh day, but on the 13th day, the suction decreased gradually and stabilized, which is related to the influence of the experimental environment. Because of the slow loss of water at the bottom of the sample (④), the suction growth here lagged behind other locations. During the test, three cycles of drying and wetting are simulated (as shown in Figure 8 ). At the beginning, the homogeneous clay sample has no visible surface cracks. After the sample is put into the environment box, artificial rainfall is applied on the first day, and lasts for one hour with a rainfall intensity of 80 mm/h. Afterwards, the sample is dehydrated by light and wind for 19 consecutive days, with the internal temperature kept at about 30 °C. The second (on the 19th day) and third (on the 46th day) rainfall events are similar to the first one. The total test lasts 62 days. Figure 8 shows suction pressure as a function of time. During the initial several days of the drying process, no surface cracks appear, and the suction pressure increases little. On the seventh day of drying, cracks in the middle of the upstream slope begin to appear (as shown in Figure 9a ), which causes the suction pressure at this location (②) to increase to the maximum value of the sensor range (1500 kPa) in a short time. Because water seeped from the top of the sample to the bottom, the water content at the sample toe decreased slowly. Therefore, the growth of suction pressure at the sample toe (①) lagged behind that at the middle of the upstream slope. Toe suction pressure didn't begin to increase rapidly until the ninth day of drying (data from the sample toe on days 16 to 19 are not shown due to instrument problems). The suction pressure at the sample crest (③) began to increase from the seventh day, but on the 13th day, the suction decreased gradually and stabilized, which is related to the influence of the experimental environment. Because of the slow loss of water at the bottom of the sample (④), the suction growth here lagged behind other locations. During the test, three cycles of drying and wetting are simulated (as shown in Figure 8 ). At the beginning, the homogeneous clay sample has no visible surface cracks. After the sample is put into the environment box, artificial rainfall is applied on the first day, and lasts for one hour with a rainfall intensity of 80 mm/h. Afterwards, the sample is dehydrated by light and wind for 19 consecutive days, with the internal temperature kept at about 30 • C. The second (on the 19th day) and third (on the 46th day) rainfall events are similar to the first one. The total test lasts 62 days. Figure 8 shows suction pressure as a function of time. During the initial several days of the drying process, no surface cracks appear, and the suction pressure increases little. On the seventh day of drying, cracks in the middle of the upstream slope begin to appear (as shown in Figure 9a ), which causes the suction pressure at this location ( 2 ) to increase to the maximum value of the sensor range (1500 kPa) in a short time. Because water seeped from the top of the sample to the bottom, the water content at the sample toe decreased slowly. Therefore, the growth of suction pressure at the sample toe ( 1 ) lagged behind that at the middle of the upstream slope. Toe suction pressure didn't begin to increase rapidly until the ninth day of drying (data from the sample toe on days 16 to 19 are not shown due to instrument problems). The suction pressure at the sample crest ( 3 ) began to increase from the seventh day, but on the 13th day, the suction decreased gradually and stabilized, which is related to the influence of the experimental environment. Because of the slow loss of water at the bottom of the sample ( 4 ), the suction growth here lagged behind other locations. After 19 days of drying, the suction pressure at all four sensors was generally stable, and the width and number of cracks remained unchanged (as shown in Figure 9b ). After the second artificial rainfall, the surface cracks on the sample heal (as shown in Figure 9c ). The suction pressures recorded by all four sensors dropped steeply, and the suction at the sample heel and the middle of the sample slope are close to 0. Subsequently, as the drying continues, the suction pressure begins to increase gradually. However, the suction pressure increases at a much faster rate than in the first cycle. This may be because the cracks increase the infiltration and water content of the clay sample during the second cycle. The increase of suction pressure at the middle slope sensor is still the fastest, reaching its maximum after two days of drying. The suction pressure at the sample toe reaches its maximum value after about 10 days of drying. The suction pressure increases at the sample crest and the sample base are relatively slow and stabilize after 18 days of drying. Although the clay cracks heal after rainfall, the suction pressure growth is still fast during drying. It can be concluded that even though cracks heal after rain, the clay particles in the area of prior cracking could not bind together with cohesive force. New cracks appear quickly when the soil suffers from drought again, and the water content in the vicinity of the cracks decreases rapidly. During the third wet-dry cycle, the behavior of suction pressure in all parts of the sample are similar to that of the second wet-dry cycle.
Test Analysis

The test results show the main damage mode to the clay slope due to severe drought is cracking. Evaporation from the clay causes suction pressure to increase gradually; due to different water loss rates, each part of the sample experiences different rates of pore pressure increase. From Figure 8 , it is seen that cracks in the middle of the upstream slope are the first to appear after the beginning of the dry period, as suction pressure increases most rapidly here. After rainfall, the suction pressure decreases rapidly, indicating that the clay has a self-healing ability under the action of saturation [19] . However, cracks from the earlier drying stage could not completely heal, which increases the hydraulic conductivity once the soil has suffered from drought again [20] . In terms of After 19 days of drying, the suction pressure at all four sensors was generally stable, and the width and number of cracks remained unchanged (as shown in Figure 9b ). After the second artificial rainfall, the surface cracks on the sample heal (as shown in Figure 9c ). The suction pressures recorded by all four sensors dropped steeply, and the suction at the sample heel and the middle of the sample slope are close to 0. Subsequently, as the drying continues, the suction pressure begins to increase gradually. However, the suction pressure increases at a much faster rate than in the first cycle. This may be because the cracks increase the infiltration and water content of the clay sample during the second cycle. The increase of suction pressure at the middle slope sensor is still the fastest, reaching its maximum after two days of drying. The suction pressure at the sample toe reaches its maximum value after about 10 days of drying. The suction pressure increases at the sample crest and the sample base are relatively slow and stabilize after 18 days of drying. Although the clay cracks heal after rainfall, the suction pressure growth is still fast during drying. It can be concluded that even though cracks heal after rain, the clay particles in the area of prior cracking could not bind together with cohesive force. New cracks appear quickly when the soil suffers from drought again, and the water content in the vicinity of the cracks decreases rapidly. During the third wet-dry cycle, the behavior of suction pressure in all parts of the sample are similar to that of the second wet-dry cycle.
The test results show the main damage mode to the clay slope due to severe drought is cracking. Evaporation from the clay causes suction pressure to increase gradually; due to different water loss rates, each part of the sample experiences different rates of pore pressure increase. From Figure 8 , it is seen that cracks in the middle of the upstream slope are the first to appear after the beginning of the dry period, as suction pressure increases most rapidly here. After rainfall, the suction pressure decreases rapidly, indicating that the clay has a self-healing ability under the action of saturation [19] . However, cracks from the earlier drying stage could not completely heal, which increases the hydraulic conductivity once the soil has suffered from drought again [20] . In terms of engineering safety, short-term drought leads to cracking of the dam surface but doesn't affect the deep stability of the dam slope. However, long-term drought causes deeper cracks and induces a sharp increase of suction pressure; these cracks may become channels for rain infiltration into the dam, causing rapid decrease of slope soil strength and slope stability. After repeated dry-wet cycles, dry shrinkage cracks in the clay may partially close during subsequent rainfall, but the cohesive force cannot be restored, leading to a latent defect in dam slope stability. Therefore, cracks in the dam should be treated well during the drought period, especially long-term drought ( Figure 5) , and in situ measurement of suction pressure is recommended to track changes in soil characteristics [6] .
Model Calculation of Seepage through Dam during Dry-Wet Cycles
Finite Element Model (FEM) and Material Parameters
Based on a typical profile of the dam, a simplified finite element model (Autobank 7.7 developed by Hohai University) of 1378 elements and 1469 nodes, is set up as shown in Figure 10 for further seepage calculation under rapid changes of reservoir water level. In order to facilitate modeling, two clay layers, sand and gravel layers are treated as one separately, and some border (drainage sand belt) are simplified. The average size of the elements is approximately 1.5 m, which is sufficient for project requirements [21] . The main physical and mechanical parameters of the dam material, which come from previous test results [22] , are shown in Table 1 . The strength index of clay material is determined via the Mohr-Coulomb strength criterion. Based on the actual situation (Figure 4) , a simulated zone of cracking is located between elevations of 97.28 m and 100.00 m on the upstream slope; the depth of the cracking zone is 1.0m. It is shown by Li et al. [23] that for sandy loam and clay, the contribution of cracks to the permeability of the cracked zone is not less than 99%; therefore, we set the permeability coefficient of the cracking zone 100 times higher than clay without cracks (Table 1) to simulate the influence of cracks on dam seepage. engineering safety, short-term drought leads to cracking of the dam surface but doesn't affect the deep stability of the dam slope. However, long-term drought causes deeper cracks and induces a sharp increase of suction pressure; these cracks may become channels for rain infiltration into the dam, causing rapid decrease of slope soil strength and slope stability. After repeated dry-wet cycles, dry shrinkage cracks in the clay may partially close during subsequent rainfall, but the cohesive force cannot be restored, leading to a latent defect in dam slope stability. Therefore, cracks in the dam should be treated well during the drought period, especially long-term drought ( Figure 5 ), and in situ measurement of suction pressure is recommended to track changes in soil characteristics [6] .
Model Calculation of Seepage through Dam during Dry-Wet Cycles
Finite Element Model (FEM) and Material Parameters
Based on a typical profile of the dam, a simplified finite element model (Autobank 7.7 developed by Hohai University) of 1378 elements and 1469 nodes, is set up as shown in Figure 10 for further seepage calculation under rapid changes of reservoir water level. In order to facilitate modeling, two clay layers, sand and gravel layers are treated as one separately, and some border (drainage sand belt) are simplified. The average size of the elements is approximately 1.5 m, which is sufficient for project requirements [21] . The main physical and mechanical parameters of the dam material, which come from previous test results [22] , are shown in Table 1 . The strength index of clay material is determined via the Mohr-Coulomb strength criterion. Based on the actual situation (Figure 4) , a simulated zone of cracking is located between elevations of 97.28 m and 100.00 m on the upstream slope; the depth of the cracking zone is 1.0m. It is shown by Li et al. [23] that for sandy loam and clay, the contribution of cracks to the permeability of the cracked zone is not less than 99%; therefore, we set the permeability coefficient of the cracking zone 100 times higher than clay without cracks (Table 1) to simulate the influence of cracks on dam seepage. The permeability coefficient of unsaturated soil depends on the water content. For unsaturated soil, the seepage path of water becomes more tortuous because of air filling the pores, which also leads to a decrease of the permeability coefficient. The volumetric water content is a function of the suction pressure. Therefore, it is necessary to determine how the permeability coefficient varies with the suction pressure for unsaturated seepage [17] . The permeability coefficient is predicted by the soil-water characteristic curve because the permeability coefficient of unsaturated soil is more difficult to obtain by experiment. The permeability coefficient of unsaturated soil depends on the water content. For unsaturated soil, the seepage path of water becomes more tortuous because of air filling the pores, which also leads to a decrease of the permeability coefficient. The volumetric water content is a function of the suction pressure. Therefore, it is necessary to determine how the permeability coefficient varies with the suction pressure for unsaturated seepage [17] . The permeability coefficient is predicted by the soil-water characteristic curve because the permeability coefficient of unsaturated soil is more difficult to obtain by experiment.
The soil-water characteristic curves of the dam materials are shown in Figure 11 . For this dam-fill clay, considering the effect of many dry-wet cycles during the actual operation of the dam, the soil-water characteristic curve of clay (clay* in Figure 11 ), which is also used in further calculations, is drawn from measured data on the middle of the upstream slope of the sample during the third drying stage. The soil-water characteristic curves of other materials are from sample functions [24] . Because the curves for clay (clay* and clay in Figure 11 ) are obtained from different samples with different equipment, they are not identical.
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The Van Genuchten model [25] is used to estimate the permeability coefficient curve of different materials according to the soil-water characteristic curve. First, the model fits the soil water characteristic curve with Equation (1) ( ) .98 respectively; and ψ is the suction pressure. Second, the model estimates the permeability coefficient curve, Equation (2), based on the volumetric water content function and saturated permeability coefficient ks.
Calculation Condition
Based on the hydrological characteristics of the reservoir, the calculation considers extreme changes of water level from drought to flood, so both saturation and water head vary with seepage through the dam [26] . The reservoir water levels analyzed are shown in Figure 12 The Van Genuchten model [25] is used to estimate the permeability coefficient curve of different materials according to the soil-water characteristic curve. First, the model fits the soil water characteristic curve with Equation (1)
in which, Θ = (θ − θ r )/(θ s − θ r ) is the dimensionless water content variable, also called the effective saturation; θ is the volumetric water content; θ s , θ r are the saturated water content and the residual water content (%); a, m, n are the fitting parameters, for clay the values are 0.107, 0.49, 1.98 respectively; and ψ is the suction pressure. Second, the model estimates the permeability coefficient curve, Equation (2), based on the volumetric water content function and saturated permeability coefficient k s .
Based on the hydrological characteristics of the reservoir, the calculation considers extreme changes of water level from drought to flood, so both saturation and water head vary with seepage through the dam [26] . The reservoir water levels analyzed are shown in Figure 12 Condition I and Condition II do not consider cracking of the clay. Condition III uses the same reservoir water levels as Condition I but uses the permeability coefficient of clay with cracks (Table 1) in the zone of cracking. 
Phreatic Line Analysis
As the reservoir water level rises, the phreatic line of the dam is shown in Figure 13a ,c. The height of the phreatic line in the dam gradually rises with the increase of reservoir water level. Due to the rapid rise of the water level and the low permeability of the clay, the zone below the steady phreatic line can't be saturated rapidly, so the phreatic line is bent upstream. The phreatic line during unsteady seepage above the initial steady state in the dam is curved, and the faster the rise of the water level, the greater the curvature. The curvature of the phreatic line tends to decrease gradually as the rate of water level rise decreases. Variation of the phreatic line landward of the drain sand layer is very small because of the high permeability of the drain sand layer.
During the reservoir drawdown stage, the phreatic line of the dam is shown in Figure 13b ,d. The height of the phreatic line gradually decreases with the decline of reservoir water level. As the water level drops rapidly, the water retention capacity of clay prevents the water inside the dam from discharging completely. Therefore, the phreatic line drops slower than the water level, and an unsaturated zone also exists, which makes the front half of the phreatic line convex up; the curvature is more obvious with the increase of the water level drawdown rate. During rapid drawdown, the pore water pressure in the upstream section of the dam is not fully dissipated when the reservoir water level drops, and the upstream slope experiences reverse seepage flow, which is detrimental to the stability of this slope. As the reservoir water level stabilizes, the excess pore water pressure dissipates rapidly, and the curvature of the phreatic line decreases. Variation of the phreatic line landward of the drain sand layer is minor. 
Equipotential Line and Pore Pressure Gradient Analysis
The seepage fields are steady at day 0, day 21, and day 40 in the simulation. From the steady phreatic line of day 21 ( Figure 14 line 21(A) ), it can be seen that the water height is reduced by more than 60% by the drainage belt. In the case of high-water level, the equipotential lines are most dense in the transition band of the clay and downstream shell (drainage sand belt), which is the site of the maximum pore pressure gradient. However, the upstream bed blanket is critical to internal erosion because of the thin clay layer and its sand foundation.
At the time of maximum water level of 109.50 m, the corresponding pore pressure gradient in the dam is largest, which is the most critical state for dam seepage. The unsteady seepage field and the distribution of equipotential lines in the dam with the same 109.50m reservoir water level under different conditions are shown in Figure 14 (for example, Condition I-5 means day 5 in condition I). The faster the water level rise, the larger the unstable percolation area is and the denser the distribution of the equipotential lines; this state may cause internal erosion of these critical areas. The pore pressure gradient at two key locations (the section of the clay body bordered by the transition band, and the upstream bed blanket) are shown in Figure 15 at different times. The pore pressure gradient increases with rising water level, and the gradient reaches a maximum when the water level is highest. The pore pressure gradient is larger than that of the stable seepage field at the same water level as water level rises, and the faster the water level rises the larger the gradient is. From Figure 14 , it can also be seen that the equipotential lines for unsteady seepage are shifted upstream compared to the stable seepage field under the same water level, and the faster the reservoir water level rises the more the upstream offset of the equipotential lines. This is mainly 
The seepage fields are steady at day 0, day 21, and day 40 in the simulation. From the steady phreatic line of day 21 ( Figure 14 line 21(A) ), it can be seen that the water height is reduced by more than 60% by the drainage belt. In the case of high-water level, the equipotential lines are most dense in the transition band of the clay and downstream shell (drainage sand belt), which is the site of the maximum pore pressure gradient. However, the upstream bed blanket is critical to internal erosion because of the thin clay layer and its sand foundation. 
At the time of maximum water level of 109.50 m, the corresponding pore pressure gradient in the dam is largest, which is the most critical state for dam seepage. The unsteady seepage field and the distribution of equipotential lines in the dam with the same 109.50m reservoir water level under different conditions are shown in Figure 14 (for example, Condition I-5 means day 5 in condition I). The faster the water level rise, the larger the unstable percolation area is and the denser the distribution of the equipotential lines; this state may cause internal erosion of these critical areas. The pore pressure gradient at two key locations (the section of the clay body bordered by the transition band, and the upstream bed blanket) are shown in Figure 15 at different times. The pore pressure gradient increases with rising water level, and the gradient reaches a maximum when the water level is highest. The pore pressure gradient is larger than that of the stable seepage field at the same water level as water level rises, and the faster the water level rises the larger the gradient is. From Figure 14 , it can also be seen that the equipotential lines for unsteady seepage are shifted upstream compared to the stable seepage field under the same water level, and the faster the reservoir water level rises the more the upstream offset of the equipotential lines. This is mainly At the time of maximum water level of 109.50 m, the corresponding pore pressure gradient in the dam is largest, which is the most critical state for dam seepage. The unsteady seepage field and the distribution of equipotential lines in the dam with the same 109.50m reservoir water level under different conditions are shown in Figure 14 (for example, Condition I-5 means day 5 in condition I). The faster the water level rise, the larger the unstable percolation area is and the denser the distribution of the equipotential lines; this state may cause internal erosion of these critical areas.
The pore pressure gradient at two key locations (the section of the clay body bordered by the transition band, and the upstream bed blanket) are shown in Figure 15 at different times. The pore pressure gradient increases with rising water level, and the gradient reaches a maximum when the water level is highest. The pore pressure gradient is larger than that of the stable seepage field at the same water level as water level rises, and the faster the water level rises the larger the gradient is. From Figure 14 , it can also be seen that the equipotential lines for unsteady seepage are shifted upstream compared to the stable seepage field under the same water level, and the faster the reservoir water level rises the more the upstream offset of the equipotential lines. This is mainly because the movement of the phreatic line near the downstream shell is slow and minor, while the increased seepage pressure head is borne by the upstream clay during the stage of rapidly rising water level. Similarly, there is a lag in the reduction of seepage head during rapid drawdown. because the movement of the phreatic line near the downstream shell is slow and minor, while the increased seepage pressure head is borne by the upstream clay during the stage of rapidly rising water level. Similarly, there is a lag in the reduction of seepage head during rapid drawdown. In the upstream bed blanket, there is an increasing pore pressure gradient during the stage of rapidly rising water level. If the water level rises too fast and the gradation of the dam base sand is not optimal, internal erosion may occur in the bed blanket, causing failure of the seepage prevention layer, and resulting in the onset of piping through the dam foundation. Figure 16 shows the influence of cracks on pore pressure gradient at three locations (the section of the clay body bordered by the transition band, the upstream bed blanket, and the zone beneath the cracks). Because the cracking zone is far away from the transition band and clay blanket, cracks have little effect on the pore pressure gradient at these two key locations during reservoir filling. However, the zone under the cracks experiences a slightly stronger pore pressure gradient. At the time of maximum water level of 109.50 m, the corresponding largest pore pressure gradient changes from 0.437 to 0.463 there; this is an increase of 5.9%. This indicates that crack formation in the upstream bed blanket could exacerbate internal erosion and may cause seepage failure. 
Embankment Slope Stability Analysis
We analyze the transient embankment stabilities of the upstream and downstream slopes based on the distributions of pore water pressure during unsteady seepage. Using guidance from In the upstream bed blanket, there is an increasing pore pressure gradient during the stage of rapidly rising water level. If the water level rises too fast and the gradation of the dam base sand is not optimal, internal erosion may occur in the bed blanket, causing failure of the seepage prevention layer, and resulting in the onset of piping through the dam foundation. Figure 16 shows the influence of cracks on pore pressure gradient at three locations (the section of the clay body bordered by the transition band, the upstream bed blanket, and the zone beneath the cracks). Because the cracking zone is far away from the transition band and clay blanket, cracks have little effect on the pore pressure gradient at these two key locations during reservoir filling. However, the zone under the cracks experiences a slightly stronger pore pressure gradient. At the time of maximum water level of 109.50 m, the corresponding largest pore pressure gradient changes from 0.437 to 0.463 there; this is an increase of 5.9%. This indicates that crack formation in the upstream bed blanket could exacerbate internal erosion and may cause seepage failure. because the movement of the phreatic line near the downstream shell is slow and minor, while the increased seepage pressure head is borne by the upstream clay during the stage of rapidly rising water level. Similarly, there is a lag in the reduction of seepage head during rapid drawdown. In the upstream bed blanket, there is an increasing pore pressure gradient during the stage of rapidly rising water level. If the water level rises too fast and the gradation of the dam base sand is not optimal, internal erosion may occur in the bed blanket, causing failure of the seepage prevention layer, and resulting in the onset of piping through the dam foundation. Figure 16 shows the influence of cracks on pore pressure gradient at three locations (the section of the clay body bordered by the transition band, the upstream bed blanket, and the zone beneath the cracks). Because the cracking zone is far away from the transition band and clay blanket, cracks have little effect on the pore pressure gradient at these two key locations during reservoir filling. However, the zone under the cracks experiences a slightly stronger pore pressure gradient. At the time of maximum water level of 109.50 m, the corresponding largest pore pressure gradient changes from 0.437 to 0.463 there; this is an increase of 5.9%. This indicates that crack formation in the upstream bed blanket could exacerbate internal erosion and may cause seepage failure. 
We analyze the transient embankment stabilities of the upstream and downstream slopes based on the distributions of pore water pressure during unsteady seepage. Using guidance from 
We analyze the transient embankment stabilities of the upstream and downstream slopes based on the distributions of pore water pressure during unsteady seepage. Using guidance from the Chinese design code for rolled earthfill dams (SL 274-2001), we calculate the stability safety factors for the slopes based on the Simplified Bishop Method, as shown in Figure 17 .
For the upstream slope, the initial safety factor for embankment stability is 1.63. During reservoir filling, the slope safety factor gradually increases with the rising water level. The safety factor reaches a maximum of 2.02 when the water level is stable at 109.50 m. During the rapid drawdown stage, the pore water pressure in the upstream slope is not dissipated, and reverse seepage occurs, which leads to a decrease of the embankment stability. The stability safety factor decreases with the decline of the reservoir water level, and the faster the water level decreases, the stronger the decrease of the safety factor. As the unsteady seepage stabilizes, the excess pore water pressure in the dam gradually dissipates and the effective stresses increase, causing an increase in the safety factor. For the downstream slope, the safety factor of embankment stability is initially 1.39, which is the maximum value because the phreatic line is here at its lowest. During the stage of rapidly rising water level, the stability safety factor gradually decreases due to the rise of the phreatic line and the increase of pore water pressure in the sliding body, but the change is not significant because the change of the phreatic line in the downstream slope is minor. The safety factor reaches a minimum of 1.30 when the water level is stable at 109.50 m. During the rapid drawdown stage, the safety factor increases as the phreatic line drops. Because of the drainage effect of the sand belt drainage layer, fluctuation of the phreatic line in the downstream slope is minor during rapid fluctuation of reservoir water level. The rate of change of reservoir stage has little effect on the stability of the downstream slope.
Conclusions
Extreme weather, such as severe drought and rapid changes of reservoir water level during abrupt drought-flood cycles, bring new challenges to the safety and stability of earthfill dams. A specific earthfill dam struck by severe drought is taken as an example in this paper. Through a sample test and finite element analysis, the clay characteristics and the behavior of unsteady seepage through the dam are analyzed during drought-flood cycles. The major limits to this work were the small scale of the unsaturated clay sample test, the lack of ability to develop an explicit relationship between crack development and suction pressure, and the simplicity of the simulation used to analyze the influence of cracks on unsteady seepage in an earthfill dam; these must be topics of future research. Nonetheless, both the laboratory experiment and the numerical simulation generated useful results. For the upstream slope, the initial safety factor for embankment stability is 1.63. During reservoir filling, the slope safety factor gradually increases with the rising water level. The safety factor reaches a maximum of 2.02 when the water level is stable at 109.50 m. During the rapid drawdown stage, the pore water pressure in the upstream slope is not dissipated, and reverse seepage occurs, which leads to a decrease of the embankment stability. The stability safety factor decreases with the decline of the reservoir water level, and the faster the water level decreases, the stronger the decrease of the safety factor. As the unsteady seepage stabilizes, the excess pore water pressure in the dam gradually dissipates and the effective stresses increase, causing an increase in the safety factor.
For the downstream slope, the safety factor of embankment stability is initially 1.39, which is the maximum value because the phreatic line is here at its lowest. During the stage of rapidly rising water level, the stability safety factor gradually decreases due to the rise of the phreatic line and the increase of pore water pressure in the sliding body, but the change is not significant because the change of the phreatic line in the downstream slope is minor. The safety factor reaches a minimum of 1.30 when the water level is stable at 109.50 m. During the rapid drawdown stage, the safety factor increases as the phreatic line drops. Because of the drainage effect of the sand belt drainage layer, fluctuation of the phreatic line in the downstream slope is minor during rapid fluctuation of reservoir water level. The rate of change of reservoir stage has little effect on the stability of the downstream slope.
Extreme weather, such as severe drought and rapid changes of reservoir water level during abrupt drought-flood cycles, bring new challenges to the safety and stability of earthfill dams. A specific earthfill dam struck by severe drought is taken as an example in this paper. Through a sample test and finite element analysis, the clay characteristics and the behavior of unsteady seepage through the dam are analyzed during drought-flood cycles. The major limits to this work were the small scale of the unsaturated clay sample test, the lack of ability to develop an explicit relationship between crack development and suction pressure, and the simplicity of the simulation used to analyze the influence of cracks on unsteady seepage in an earthfill dam; these must be topics of future research. Nonetheless, both the laboratory experiment and the numerical simulation generated useful results.
Cracks in the clay slope easily formed during severe drought. The laboratory sample test showed that the clay has some self-healing ability after subsequent rainfall saturation, but the cracks could not heal completely, especially under repeated dry-wet cycles. After a dry-wet cycle, both the hydraulic conductivity of the clay and the rate of change of suction pressure increase. Therefore, short term drought causes the dam surface to lose water without affecting the deep stability of the dam slope, but cracks formed by persistent drought and multiple dry-wet cycles accompany a sharp increase of suction pressure. Cracks caused by long term drought may become channels for rainwater infiltration into the dam; this could reduce the soil strength of the dam slope.
An unsaturated seepage zone exists when reservoir water level changes suddenly. During a sudden rise in water level, the unsteady seepage equipotential lines shift upstream compared with the stable seepage field at the same water level; the faster the water level rises, the more the equipotential lines shift upstream. The pore pressure gradients of the unsteady seepage flow field in the dam are larger than those of the stable seepage field; the faster the water level rises, the larger the gradients are. This may exacerbate the risk of internal erosion. During rapid drawdown of the reservoir water level, embankment stability analysis shows that the stability factor of the upstream slope decreases because of reverse seepage, and the faster the water level falls, the smaller the safety factors is. The rate of change of reservoir water level has little effect on the stability of the downstream slope because of the effect of the drainage sand belt.
In addition to the finite element analysis of the intact dam, here cracking of the upstream dam slope is modelled. The position and extent of cracking corresponds to cracks measured in the field (Figure 4 ). Such modelling is not standard procedure in dam design, and the potential for cracking is normally omitted in design of the cover layer. Our results show that cracks have little influence on pore pressure gradient in locations far away from the cracks but cause an obvious increase in pore pressure gradient in the zone directly beneath the cracks. At the time of maximum reservoir water level of 109.50 m, the corresponding largest pore pressure gradient there is increased by 5.9%. Therefore, if cracks appear in a critical location of an earthfill dam, such as the upstream bed blanket, such cracking may worsen internal erosion.
It is necessary to pay more attention to the safety of dams under long-term extreme conditions such as drought-flood cycles. Preventative measures such as crack sealing and moisture retention of the slope surface should be implemented in time to ensure dam stability during severe drought periods, especially for those newly exposed areas which may not be well protected by design. The rate of change of the reservoir water level should be strictly controlled during drought-flood cycles. It is well known that the drawdown rate of the water level should be strictly controlled based on the embankment stability of the upstream slope. However, the rise rate of the water level also needs to be strictly controlled to avoid the internal erosion of critical seepage control regions such as the upstream blanket. In addition, as the appearance of cracks is accompanied by a sharp increase in suction pressure, in situ measurement of suction pressure is recommended to track the changes of soil characteristics and unsaturated seepage through the dam. 
